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INTRODUCTION

Even if the oxygen implantation into Si is far from being the softest method for
forming a buried oxide, SIMOX is still the most successful silicon on insulator (SOI)
technology. Indeed, SIMOX is unique in providing SOI wafers whose reproducibility,
uniformity and yield match the standards of the industrial process for integrated cir-
cuits. The rate of progress of this technology is very impressive. SIMOX was "rediscov-
ered" about 10 years ago and soon integrated components with promising performance
were demonstrated. In the next 3-4 years, most of the basic mechanisms involved in
the oxide synthesis and recrystallization were understood enough to open wide perspec-
tives of optimization. Major milestones were: (i) annealing at very high temperatures
(> 13000C), (ii) implantation at controlled temperatures around 6000C, (iii) high cur-
rent (100 mA) implantation using specially designed implanters, and (iv) multiple step
implants and anneals. High performance VLSI circuits are currently being fabricated
on SIMOX substrates.

This paper is focused on the properties of the SIMOX structure that are essential
for the proper operation of integrated circuits. These properties are determined by di-
rect inspection of the wafer or inferred from the characterization of test MOS devices1

(Fig.l). The next section presents the status of the SIMOX technology in terms of
quality of the Si film, buried oxide and Si-SiO2 interfaces. Interface coupling and float-
ing body effects are typical phenomena in SOI transistors and will be briefly discussed.
Emphasis is put, in the last section, on reliability aspects which may be governed by
the resistance of the buried oxide to hot carrier injection and radiation effects.

PROPERTIES OF SIMOX STRUCTURES

Fabrication Conditions

Device-grade SIMOX wafers are fabricated by implantation of high doses (1.6 —



10OmA beam. The crystallinity of the Si overlay is restored by annealing in argon (+
1% O3) ambient at 1300 - 135O0C for 2 - 6 hours. The thicknesses of the Si film and
buried oxide are typically 150-200nm and 380—400nm, respectively. Alternatively, the
synthesis can be made in three successive steps of implantation (0.5 — 0.6 x 10I8cm~2)
and annealing, which results in even a better material.

Silicon interstitials are generated during the formation and growth of the buried
oxide (BOX). They migrate towards the surface sink and tend to reconstruct the sur-
face by internal epitaxy. The use of a screen oxide during implantation is detrimental
because it inhibits the production of free accommodation volume (by surface regrowth)
and causes strain induced dislocations3. On the other hand, the screen oxide is an effi-
cient barrier against contamination, channeling effects and surface sputtering. During
annealing, oxygen precipitates are dissolved and the available oxygen atoms complete
the formation of the BOX.

Other variants of the process have been explored with the aim of optimizing
the SIMOX synthesis or generating novel structures and geometries for the buried
insulator3. This is possible by scanning wide ranges of doses and energies or select-
ing other implanted species. In particular, the local formation of SIMOX islands in
designed regions of the wafer offers the opportunity of mixing SOI and bulk Si com-
ponents with special functions (power, detection, speed) on the same chip. Implanted
oxides with 3-D topology can also be fabricated in order to isolate totally the Si island
by the surrounding buried and lateral oxides.

Silicon Film

The quality of the Si film is reflected by excellent values of carrier Hall mobility
(> 850cm2/Vs for electrons) and lifetime (> lOOfis). The residual doping is in general
n-type; very low levels (2-5 x 10lscm"3) have been achieved after studying carefully and
suppressing the various sources of contamination in the implanter, furnace and capping
layer. In this respect, Si or S1O2 shields were placed in the implanter in order to avoid
co-implanted species, whereas annealing in nitrogen (which generates non-intentional
donors) was prohibited. Oxygen itself acts as a contaminant, since it can be activated
by annealing around 450 - 55O0C (thermal donors) and 75O0C (new donors). The
unclarified structure and features of oxygen donors are far more complex than in bulk
Si and depend closely on the synthesis conditions4. Fortunately in recent material,2 the
concentration of interstitial oxygen was reduced below 1018Cm"3. Moreover, thermal
and new donors are deactivated by annealing at 6500C and 900°C, respectively4.

Comparison between the electrical properties measured near the front and back in-
terfaces demonstrates that the film is remarkably homogeneous in the vertical direction
and free from oxygen precipitates. This was not always the case in the past. Implan-
tation at lower temperatures and annealing below 12500C used to result in a highly
defective region close to the buried oxide, where the carrier mobility and lifetime were
orders of magnitude lower3.

The density of threading dislocations has also been reduced from 10locm~3 in early
low-temperature-annealed SIMOX to less than 104cm~3 in multiple implanted SIMOX.
Dislocations are due to defects generated during the implantation, which extend from
the surface to the BOX interface, and to strain accumulation in the film. The density
of dislocations increases if (i) a screen oxide is used, (ii) the implant energy is reduced,
(iii) the dose is increased, or (iv) the film is thinner. The influence of the screen oxide
thickness was systematically investigated and discussed in an excellent paper by Margail
et al3. Other subsisting defects are small (< 0.1pm) stacking faults with concentrations
below < 104cm~3. Presently, the lateral uniformity of 6" SIMOX wafers (±]0nm) is
unmatched by any other SOI technology.
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Figure 1. Schematic configurations of (a) pseudo-MOS transistor and (b) fully-processed MOSFET
in SOI.

Interfaces

A natural consequence of the high crystal quality is that the top interface between
Si film and thermal oxide presents the regular properties of MOS structures. No dif-
ference as compared to standard Si-SiOj interfaces in bulk Si is revealed by charge
pumping, noise spectroscopy or MOSFET characterization techniques1.

The quality of the buried interface between the Si film and implanted oxide is a
key feature of SIMOX as it depends on implant and anneal conditions. Huge densities
of back interface traps {DM — 1013Cm-2CV"1) may be engineered in low temperature
annealed SIMOX in order to shield the surface from the influence of the substrate bias.
Although in device-grade SIMOX, atomically sharp interfaces have been achieved, DM
is still larger than at the front interface (D,,2 * 10" - lO^cnj-'eV-1)5. The surface
generation velocity is also 2 - 6 times higher at the buried interface. However, these
densities of defects are not unreasonable and do not induce any significant mobility
degradation at the back channel (//2 ~ 600cm2/Vs, in low doped films).

An interesting method of probing the back interface is to make use of the pseudo-
MOS transistor (ty-MOSFET) which is inherent to any SOI material. The buried in-
sulator acts as a gate oxide and the substrate is biased as a gate in order to activate an
inversion or accumulation channel at the buried interface (Fig.l(a)). The ^-MOSFET
is operated by applying source/drain pressure probes and, in principle, does not require
any special preparation of the wafer. Typical ID(VG, ^b) characteristics are obtained,
from which the electron and hole mobilities, threshold voltages and subthreshold slope
(i.e. DM) are easily determined. Details on the experimental set-up, theoretical back-
ground and parameter extraction procedure were discussed elsewhere6.

Buried Oxide

Experimental data collected in the last years demonstrate that the physico-chemi-
cal structure and properties of the implanted oxide are far from being identical to those
of a thermal oxide. Although the dielectric constant and breakdown field of the BOX
are normal for S1O2, variable transition layers have been observed by ellipsometry on
each side of the oxide. Typical defects are listed below:

E' centers — Concentrations as large as 10"cm~3 have been measured by Electron
Spin Resonance7. The}' originate from oxygen vacancies, act as hole traps and
govern the radiation-induced effects at low fields. Unlike the case of thermal
oxides, E' centers spread through the whole volume of the buried oxide.
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Figure 2. Direct degradation of the back interface in n-channel SIMOX MOSFETV (a) Local defect
density versus stress bias VGJ and duration (VD = 6V, L = lpm). (b) Bias-assisted threshold voltage
relaxation (T = 300K).

Electron traps — An intrinsic feature of SIMOX, pointed out by Leray et al8, is the
large amount of electron trapping which is observed after radiation. Several groups
have confirmed that many electron traps (> 10I2on~2) are present even before
X-ray exposure9. A quantitative correlation between the concentrations of excess
Si atoms and electron traps might help in clarifying their nature and origin.

Slow traps — Charge pumping experiments10 revealed the presence of slow traps lo-
cated near the film-buried oxide interface. Their concentration exceeds that of
"fast" interface traps and their capture/emission time constants are in the range
0.1 — 1msec.

Pipes — Silicon columna of 1 — lOfim diameter, which may extend from one interface to
the other, have been observed by TEM, selective KOH etching or leakage current
measurements through the buried oxide. These pipes represent an unbearable
leakage path between integrated devices and substrate. They originate from large
particles (1-10 (im) which may subsist accidentally on the surface and shadow
the oxygen implantation2. However, the density of pipes has been reduced to less
than 0.5cm~2.

Silicon islands — The aggressive interaction between implanted oxygen atoms and Si
matrix as well as the need for an accommodation volume results in a more or
less complete oxidation process. Spectroscopic ellipsometry suggests that the
buried oxide is Si rich, amorphous Si defects being concentrated near the BOX-
substrate interface11. Large Si islands may remain capped in the bottom of the
buried oxide. Although it is not clear whether they affect or not the operation
of integrated circuits, their number has been reduced by multiple implantation
process or use of a screening oxide3.

More information about the electrical behavior of these defects is found from ra-
diation and hot carrier injection measurements.



10 102 103 10"
DOSE (krad)

O
LJ
UI

a
CO

15

10

5

n

b

VIRGIJU

f.10/Hr ad
A

/10 Mrad
/+STRESS

20 40
BACK GATE BIAS VG (V)

Figure 3. Radiation effect* in n-channel SIMOX MOSFETt. (a) Back channel threshold voltage shift
A V T Î venus radiation dose and bias, (b) Shift of the back channel transconductance after radiation
(at VGS = -90V) and subsequent stress (V0 = 6V1 VCj = 60V).

Direct injection of hot carriers into the buried oxide. A substantial electron
trapping (1012cm~2 for 1.5MV/cm) results from the injection of back channel hot elec-
trons into the buried oxide12. This causes large variations in the back channel threshold
and flat band voltages. The filling of pre-existing traps is field-dependent and the con-
centration of filled traps saturates to a value proportional to the back gate voltage VG2

(Fig.2(a)). In addition, new electron traps are generated by hot carriers.
A logarithmic detrapping time law has been observed (Fig.2(b)), which is typical

for a broad distribution (in energy and/or depth) of emission time constants. The
detrapping mechanism is field-dependent and has been attributed to either direct or
phonon-assisted tunneling12'13. In the case of p-channel MOSFET's, a large electron
trapping occurs even at zero field across the oxide.

Radiation-induced defects. SOI technologies have primarily been developed for
their immunity to transient photocurrents induced during radiation exposure. SIMOX
devices also hardened against permanent dose effects (up to lOMrad) are now available*.
The hole trapping is qualitatively similar in SIMOX oxides and in thick thermal oxides.
Quantitatively, it is larger in SIMOX (due to more numerous E1 centers) and saturates
for doses between 2 — IQMrad. The recovery from radiation damage proceeds logarith-
mically with time. The positive charge is removed by thermal excitation, the activation
energies being broadly distributed14.

The trapping and detrapping of electrons is a more specific feature of SIMOX. For
high doses and large negative substrate bias, the electron trapping may even overcome
the effect of hole trapping and leads to an overall positive shift (AVTJ > 0) of the
back channel threshold voltage9 (Fig.3(a)). The radiation-generated electron traps are
also responsible for an enhanced hot carrier damage (Fig.3(b)). This suggests that
positively charged E' centers are attracting the electrons and assist their recombination
with holes. In comparison with the amount of electron and hole trapping, the effect of
interface traps, which are also generated by radiation, is almost negligible immediately
after exposure.



TYPICAL EFFECTS IN SIMOX TRANSISTORS

Interface Coupling

In thin and low doped SOI films, the two depletion regions associated with the
front and back gates meet when appropriate voltages V'GI.2 are applied. In very thin
films, it is even possible to fully deplete the whole film by acting on the front gate
only, while maintaining VC2 = O. In full depletion, the two interfaces (and channels)
are electrically interacting. Interface coupling means that the properties of the front
channel transistor are affected by the back gate bias and by the defects located at the
buried interface. Typical consequences are:

• The front channel threshold voltage Vn decreases when V<JJ varies from accumu-
lation to inversion.

• The subthreshold slope is a maximum and the swing can reach nearly ideal values
(60 mV/decade) for depletion at the back interface15.

• The transconductance curves gmi(Vd) are shifted and distorted as Vc2 is in-
creased. A plateau may emerge when the back channel is modulated by Vc\
before the front channel activation16.

• Inversion at the back interface is equivalent to a leakage current in the front
channel MOSFET.

These effects are reversible and can equally be sensed on the back channel tran-
sistor. The intensity of the interface coupling actually depends on the film thickness,
doping, and interface defects. Fully-depleted integrated circuits exhibit improved speed
and are less sensitive to floating body effects. Care is needed, however, to minimize the
influence ur buried interface and oxide defects (generated by the fabrication process,
radiation exposure or hot carrier injection) on the front channel properties. It will be
shown in the last section that this indirect degradation, induced by interface coupling,
represents a challenge for the reliability of p-channel MOSFET's.

Floating Body

Partially-depleted devices form the second family of SOI circuits. Thick Si films,
free from interface coupling effects, are indeed very appropriate -or radiation-hardened
applications. Unfortunately, partially-depleted transistors are subjected to parasitic
effects induced by their floating body. The absence of a body contact prevents the
evacuation of majority carriers generated by impact ionization. Their accumulation
near the source contact leads to an increase of the body potential and to a correspond-
ing reduction in the threshold voltage Vj\- The drain current increases and, eventually,
the body to source diode becomes forward biased, activating the intrinsic bipolar tran-
sistor. Major drawbacks of this positive feed-back are the onset of a "kink" in ID(VD)
characteristics and a hysteresis in /C(Vc1) curves. The hysteresis is reflected by nearly
vertical current transitions between the on- and off-states, which are different for in-
creasing or decreasing Vd. A (Vci, VD) domain is found where the gate control is lost
and both the transconductance and the conductance take negative values17.

The modeling of the various phenomena involved in the feed-back shows that the
hysteresis can formally be described as a second-order phase transition and depends on
the film doping, thickness, carrier lifetime, interface defects and VC2 bias17. The extent
of floating body effects is also related to the ability of the diode to evacuate majority
carriers.
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Figure 4. Back channel threshold voltage shift A V T ? during the stress of front channel p-MOSFET's
(L = 0.6/im). Effects of (a) stress time and (b) drain voltage (VG1 = -1.5V, VG2 = O).

Moreover, the floating body is responsible for detrimental transient effects1. The
isolated film is unable to supply rapidly the majority carriers (in enhancement-mode
MOSFET's) or the minority carriers (in accumulation-mode MOSFET's) needed to
compensate for the deep-depletion regions which may be induced by the bias. Five-
terminal MOSFET's, where the body can be biased independently or connected to the
source, are especially fabricated for radiation applications. Although the floating body
effects are suppressed, this solution implies a trade-off in terms of speed and integration
density.

RELIABILITY ASPECTS

Aging of n-Channel MOSFET's

Carrier heating and injection into the gate oxide of submicron MOSFET's leads
to interface defects (charge trapping and interface states) localized within the pinch off
region. This damage is visible through the modification of the threshold voltage, sub-
threshold slope, mobility, series resistances and floating body effects12. The transistor
aging depends on many structural and biasing parameters and an accurate comparison
between the merits of bulk Si and SOI devices is impossible. However, there are strong
arguments indicating the advantage of fully-depleted n-channel SIMOX MOSFET's, in
particular after optimization of the LDD structure. In partially-depleted transistors the
peak of the lateral field is larger and they behave more similarly to bulk Si MOSFET's.

Systematical measurements have recently demonstrated that defects are exclusively
formed at the same interface where the electrons flow, for instance at the front interface
in normal operation conditions. It was already mentioned that the buried interface
can be severely degraded by direct injection of back channel electrons. Even though,
no modification of the front channel properties was detected when the back interface
was kept in accumulation, during the test, in order to mask the defects. In contrast,
if the damaged back interface is depleted, the front channel characteristics suggest an
apparent aging. This change must not be misinterpreted as a physical degradation of
the front interface, because it merely results from the coupling of front channel electrons
with back interface defects.
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Figure 5. Front channel threshold voltage shift A V n induced by the trapping of electrons in the
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Aging of p-Channel MOSFET's

Unlike the case of n-channel MOSFET's, the reliability of p-channel transistors is
governed by the presence of many electron traps in the BOX. As far as the radiation
hardness is concerned, this is not detrimental because electron traps can compensate
the effect of hole trapping and help reducing AVn shifts89. The problem is that the
electron trapping dramatically affects the hot carrier reliability of p-channel SIMOX
MOSFET1S. Indeed, electrons generated by impact ionization near the drain are driven
by the electric field towards the back interface. In submicron MOSFET's, this sys-
tematically results in electron injection and trapping in the BOX. As a consequence,
substantial variations of the back channel threshold voltage are monitored during the
stress of the front channel transistor (Fig.4). This degradation happens in both fully-
depleted and partially-depleted SIMOX MOSFET's, as long as the film is relatively
thin (< 0.2ftm, see also Fig.5(b)).

It was found that the threshold voltage shift increases logarithmically with stress
time (Figs.4(a)) and is more accentuated in shorter MOSFET's. No saturation of
the buried oxide aging was found for the times explored in this investigation (105 —
106icc). There are arguments indicating that, unlike the case of the front thermal oxide
interface, the defective region extends over almost the whole back channel interface.
For a given duration of stress, AVj2 increases almost linearly with the stressing drain
voltage (Fig.4(b)), depends on VQ2 bias as well, but is rather independent on the front
gate voltage VQ\.

The key point is that the electron trapping in the BOX makes a great impact on the
front channel properties. Figure 5(a) demonstrates that the aging of the front channel
transistor may be governed by the defects created at the back interface rather than
by the standard degradation of the front interface. This again happens, via interface
coupling, when the back interface is depleted. If the electron traps are screened by
accumulating the back interface, only a very limited shift of the front gate threshold
voltage UVn subsists which corresponds to the natural (physical) degradation of the
top channel (Fig.5(a)). Another problem is that the electron trapping in the BOX is
equivalent to VJjj < 0 and tends to drive the back interface from accumulation into
depletion regime, where the influence of the defects is just a maximum. This interface
coupling effect is enhanced in shorter channel transistors (Fig.5(b)).



CONCLUSIONS

Intensive research and industrial commitment bave succeeded in achieving thin
SIMOX films with excellent crystallinity and electrical properties. However, as the
defect densities come under process control, special SOI effects induced by interface
coupling and floating body become more severe. Also, the microstructure of the im-
planted oxide differs from that of thermal oxides and requires further investigation.
Buried oxide defects and, in particular, electron traps play a prevailing role in reliabil-
ity aspects. The hot carrier related degradation of p-channel MOSFETs appears to be
a key challenge. These recent features should be carefully considered and appropriate
technological solutions found, in order for SIMOX to fully materialize its exceptional
potential.
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